Abstract: MnCo 2 O 4 octahedral structure with edge length about 500 nm was successfully synthesized by a simple hydrothermal route. With the use of NaOH, the chemical potential and the rate of ionic motion in the precursor solution were controlled, and the particle size was limited. The magnetization measurements revealed that the products exhibited ferrimagnetic characteristics with different saturation magnetization and coercivity at different measuring temperatures. In addition, the as-prepared MnCo 2 O 4 as anodes for lithium-ion batteries (LIBs) exhibited a reversible capacity of 1180 mA·h/g and 1090 mA·h/g at current density of 0.1 C and 1 C, respectively. The excellent cyclic performance was confirmed because the value of reversible capacity for MnCo 2 O 4 was 618 mA·h/g after 50 cycles at 0.1 C. Owing to the good rate performance, MnCo 2 O 4 octahedral products were suggested to have a promising application as anode material for LIBs.
Introduction
Complex oxides (containing two or more types of cations) with spinel structure under controlled size and shape are of intense interests for both fundamental science and technological applications because of their chemical and physical properties [1] [2] [3] . Among these, transition-metal cobaltites having a spinel structure MCo 2 O 4 (M = Mn, Ni, Zn) with unusual physicochemical properties are widely used in many areas such as colossal magnetoresistance (CMR), sensors, fuel cell electrodes, electrical catalysts, microwave adsorption, etc. [4] [5] [6] [7] . In particular, lithium-ion batteries (LIBs) have become the main power source for today's portable electronics and are being actively pursued for propelling electric vehicles in the near future. However, to match the growing demand for LIBs, higher discharge capacity is needed. Meanwhile, renewed interest in transition-metal oxides as potential anode materials for use in LIBs starts to grow [8, 9] . Compared with graphite (372 mA·h/g), transition-metal cobaltites can deliver a high specific capacity. It has been reported that the mixed transition-metal oxides including NiCo 2 O 4 [10] , ZnCo 2 O 4 [11] and MnCo 2 O 4 [12] O 4 , and so on [13] [14] [15] [16] . However, the research on MnCo 2 O 4 particles into different architectures and their structural development are comparatively limited, because the size, morphology, composition, dispersion, and surface features of the particles cannot meet the needs of further practical applications.
Up to now, reports on the morphology-controlled synthesis of MnCo 2 O 4 through an aqueous reduction strategy under mild conditions is still lacked. The hydrothermal method demonstrates its superiority in controlling the shape of crystals [17] . In this paper, we present the synthesis of octahedral MnCo 2 O 4 via a facile hydrothermal process. The influences of reaction time, dosage of sodium hydroxide on the morphology of the products have been investigated. To compare these results with that of a low ferrimagnetic oxide system, we have examined the magnetic behavior of MnCo 2 O 4 . The electrochemical performance of the as-prepared powders was also evaluated. By the studying of the charge-discharge properties of the submicrocrystals with octahedral structure, it can be expected that MnCo 2 O 4 could be used as anode material for LIBs in future applications.
Experimental section
All chemicals of analytical grade were used without further purification. In the first step, 0.2745 g Co(NO 3 ) 2 was dissolved in 20 ml EG (ethylene glycol) under magnetic stirring at room temperature. Then 0.0527 g KMnO 4 and different dosages of NaOH were also added sequentially with constant magnetic stirring. The mixture was transferred into a 30 ml stainless steel autoclave, sealed, and maintained at 200 ℃ for 24 h. After completion of the reaction, the products were collected by centrifuge separation, washed several times with water and absolute ethanol, and finally dried in a vacuum oven at 40 ℃ for 6 h.
The phases were identified by means of X-ray diffraction (XRD) using a Rigaku D/max 2500pc X-ray diffractometer with Cu Kα radiation (λ = 1.54156 Å) at a scan rate of 0.04 (°)/s. The morphologies were characterized by a JEOL JSM-6700F field-emission scanning electron microscope (FESEM) operated at an acceleration voltage of 8.0 kV. Transmission electron microscopy (TEM), high-resolution TEM (HRTEM) observations, and selected-area electron diffraction (SAED) patterns were obtained by using a JEOL 2100F instrument with an emission voltage of 200 kV. Magnetic measurements were carried out using a Quantum Design superconducting quantum interference device (SQUID) magnetometer (LakeShore 7307).
The electrochemical experiments were performed via CR2025 coin-type test cells assembled in a dry argon-filled glove box with both moisture and oxygen contents below 1 ppm. The test cell consisted of a working electrode and lithium foil which were separated by a Celgard 2400 membrane. The electrolyte solution was prepared by dissolving 1 M LiPF 6 in EC-DMC (ethylene carbonate dimethyl carbonate) (weight-to-weight ratio = 1:1). The working electrodes were prepared by casting slurry containing 80% active material, 10% acetylene black and 10% polyvinylidene fluoride (PVDF) onto a copper foil. After vacuum drying at 80 ℃ for about 12 h, the electrode disks (d = 12 mm) were punched and weighed. Each electrode has approximately 1-3 mg active material. Galvanostatic charge-discharge cycling tests were performed using an LAND CT2001A multi-channel battery testing system in the voltage range between 0.5 V and 3 V at room temperature.
Results and discussion
The XRD pattern of the as-obtained MnCo 2 O 4 crystals is shown in Fig. 1 . All the diffraction peaks in the XRD pattern of the products can be indexed to the face-centered cubic structure of MnCo 2 O 4 (JCPDS 23-1237). The sharpness of the XRD peaks confirms that the material should be highly crystallized MnCo 2 O 4 without any other impurities. Further insight into the morphology and microstructure of the MnCo 2 O 4 octahedra was gained by using FESEM and TEM. Figure 2 shows the typical FESEM and TEM images of MnCo 2 O 4 ferrite crystals, from which we can conclude that octahedral structures are the exclusive products, which means that the MnCo 2 O 4 octahedra can be prepared on a large scale. From the high-magnification FESEM and TEM images of the products (Figs. 2(b) and 2(c)), the edge length of octahedral MnCo 2 O 4 crystals is about 500 nm. HRTEM was performed on an individual MnCo 2 O 4 particle, as shown in Fig. 2(d) . The clear and alignment of lattice fringes demonstrate that the octahedron is essentially single crystalline with no crystal defects. The lattice spacing between two adjacent fringes that can be observed corresponds to the set of (111 ) planes with a lattice spacing of 0.238 nm and the set of (220) planes with a lattice spacing of 0.293 nm, respectively. In principle, a crystal growth process consists of nucleation and growth, which are affected by the intrinsic crystal structure and external conditions. It is well known that spinel MnCo 2 O 4 is cubic in structure, and the well defined octahedral morphology is characteristic of cubic structured crystals bound by eight (111) planes. Because of the slow reaction rate under the present hydrothermal synthesis conditions and the absence of other structure-modifying ions, octahedra with entirely {111} faces are considered to be the thermodynamically favorable product structures [18] .
The corresponding inverse fast-Fourier-transform (FFT) pattern and the filtered FFT of a selected area of the image are shown in the insets of Fig. 2(d) . It represents a pattern of diffraction spots with hexagonal Fig. 3 shows the SEM images of the samples obtained at various dosages of NaOH at 200 ℃ for 24 h. In fact, irregular particles are obtained when the dosage of NaOH is 0.4 g. With the increase in NaOH concentration, the morphology of the products evolves into a perfect octahedral structure with few irregular particles. When the amount of NaOH is increased to 1 g, it is interesting to note that the morphology of particles presents an octahedral shape (Fig. 2) . The higher chemical potential is mainly determined by the concentration of NaOH. The pH value is supposed to exert an impact on both the rates of crystal nucleation and crystal growth [19] . Peng and Peng [20, 21] have elucidated the influence of chemical potential on the shape evolution. The hydroxide with high concentrations is easily adsorbed onto (111) facets, which are then stabilized and grow slowly; hence, the growth of other facets will gradually diminish [22] . The alkalinity affects the balance between the chemical potential and the rate of ionic motion in the precursor solution, and a high concentration of NaOH accelerates the nucleation [23] . Especially, nucleation and aggregation growth in the EG solution are kinetically slower than those in the aqueous solution due to fewer surface hydroxyls and greater viscosity, thus allowing the particles to rotate adequately to find the low-energy configuration interface and form assemblies [24] . With the low concentration of hydroxide, MnCo 2 O 4 can no longer be formed. In this case, Co(OH) 3 From the formula, the final product is strongly dependent on the mole ratio of MnO 4  and Co 2+ , which should be 1:2 for the formation of MnCo 2 O 4 . From the above experimental results, the hole is formed, where the gases produced in reaction solution with the dosage of 1 g NaOH destroy the interior of loose aggregates from the chemical formula. It is further verified for the rough surface of particles. With increasing in the reaction time, Ostwald ripening process should gradually replace the aggregation-based crystal growth due to the increasing size difference between the center and outer parts of aggregates, which could recover the hole under the crystal growth (Fig. 4) . And it seems that the concentration of NaOH plays a key role in the microstructures of the final products. Both high concentration of OH  ions and high chemical potential in solution favor the growth of octahedral structures over other possible crystal forms.
In order to further understand the growth evolution of the MnCo 2 O 4 microcrystals, the effect of the reaction time (3 h, 6 h, 12 h and 18 h) was systematically investigated. The FESEM images of the samples are shown in Fig. 4 as a function of reaction time. At the initial step of the reaction (Fig. 4(a) ), a few small MnCo 2 O 4 nucleuses are formed due to redox reaction between MnO 4  , Co 2+ and OH  . As thermodynamic growth occurs, there is physical adsorption of the diffusing nanoparticles once they are in contact with one another. When the reaction time is increased to 6 h, the aggregated particles with irregular shape are formed, as shown in Fig. 4(b) . When it is extended to 12 h, the embryo octahedra already generate, because Ostwald ripening process would gradually replace the aggregation-based crystal growth in order for the increasing size. If the hydroxy groups are adsorbed on some areas of its surface, the growth rate of crystal in certain directions will be confined. Due to the gases produced, the hole is formed at the particle surface from Fig. 4(c) . After 18 h, the relatively octahedral microcrystal is synthesized, and The as-prepared MnCo 2 O 4 particles are then tested as anodes for LIBs. The typical first charge-discharge profiles of anode material of MnCo 2 O 4 particles at a current density of 0.1 C are shown in Fig. 6(a) . The initial discharge is 1180 mA·h/g, which is almost four times higher than that of the common carbonaceous materials. The discharge voltage plateau at about 0.7 V is quite stable. The electrochemical mechanism of the MnCo 2 O 4 electrode obeys to the displacive redox mechanism confirmed by many researchers [25] [26] [27] . 
Conclusions
In summary, MnCo 2 O 4 octahedra have been successfully prepared via a facile hydrothermal synthetic approach. It has been found that the concentration of hydroxide ions plays a key role in control of size, morphology and structure of the products, which affect the balance between the chemical potential and the rate of ionic motion in the precursor solution, and the hydroxide with high concentration could be adsorbed onto (111) facets easily. It has been observed that the c H of the samples at 2 K are much larger than that at room temperature by magnetization curve. In addition, the as-prepared MnCo 2 O 4 as anodes for LIBs exhibits a reversible capacity of 1180 mA·h/g at a current density of 0.1 C, retaining 618 mA·h/g after 50 cycles. The results show that the as-prepared MnCo 2 O 4 octahedral microcrystal is a kind of promising anode material for LIBs.
